Abstract. In the present study, two oxidative stress parameters, reactive oxygen species (ROS) and mitochondrial respiratory complex II, were evaluated in the mitochondria of hepatocellular carcinoma (HCC) cells to determine the association between these parameters and the carcinogenesis and clinical outcome of HCC. High levels of ROS and low levels of complex II were found to be associated with reduced post-operative survival in HCC patients using the log-rank test. Furthermore, multivariate analysis confirmed that the levels of ROS [relative risk (RR)=2.867; 95% confidence interval (CI), 1.062-7.737; P=0.038] and complex II (RR=5.422; 95% CI, 1.273-23.088; P=0.022) were independent predictors for the survival of patients with HCC. Therefore, the analysis of ROS and complex II levels may provide a useful research and therapeutic tool for the prediction of HCC prognosis and treatment.
Introduction
Hepatocellular carcinoma (HCC), which accounts for almost 598,000 mortalities each year, is the fifth most common type of cancer and the third leading cause of cancer-associated mortality worldwide (1) . The risk factors for HCC include hepatitis B virus (HBV) or hepatitis C virus (HCV) infection, alcoholic liver disease and non-alcoholic fatty liver disease. Of these, HBV is the major risk factor for HCC (2) . The majority of HCC cases (>80%) occur in either sub-Saharan Africa or Eastern Asia, with China accounting for >50% of worldwide cases, demonstrating age-standardized incidence rates of 35.2 and 13.3 cases per 100,000 men and women, respectively (3) . Tumor recurrence is common following local treatments, and there continues to be no curative therapy once the tumor reaches an advanced stage (4) . Numerous factors, including tumor size, number of lesions, cell differentiation, venous invasion and degree of inflammation, have been identified as predictors of recurrence and prognosis in patients with HCC. However, few studies have focused on the association between oxidative stress and the prognosis of HCC (5) .
Reactive oxygen species (ROS) are generated as byproducts of mitochondrial respiration, and include superoxide (O 2 -) and hydrogen peroxide (H 2 O 2 ). In particular, the superoxide anion (O 2 -) mediates oxidative damage to numerous intracellular components, including proteins, nucleic acids and lipid membranes (6, 7) . This ROS-induced damage may contribute to carcinogenesis and numerous other diseases (8) . DNA damage mediated by oxidative stress and the ensuing genetic mutations are crucial for the pathogenesis and progression of certain human malignancies (9, 10) . Mitochondrial DNA (mtDNA) is the only extra-nuclear genetic material in mammalian cells that is more susceptible to DNA damage and mutation than nuclear DNA. This is due to the high levels of ROS, a lack of protective histones and a limited capacity for DNA repair (11, 12) . Damage to mtDNA due to elevated ROS production is widely accepted as a key event in the initiation and promotion of tumorigenesis (13) .
Mitochondrial complex II, also termed succinate:quinone oxidoreductase or succinate dehydrogenase, oxidizes succinate to fumarate in the Krebs cycle and reduces ubiquinone in the respiratory chain. Complex II is ubiquitous in diverse aerobic species and contributes significantly to the excessive production of ROS by mitochondria (14, 15) . Recently, several tumors caused by complex II gene mutations have been identified (16) .
Although numerous studies have suggested the value of oxidative stress markers, such as ROS and complex II (14) (15) (16) , in molecular cancer research, little is known regarding the potential predictive power of oxidative stress markers for the prognosis of HCC patients. The aim of the present study was to evaluate the ability of ROS and complex II mtDNA levels in HCC liver tissues for the survival of patients with HCC. 
Materials and methods

Tissue specimens and mitochondrial isolation.
Measurement of mitochondrial ROS activity.
A quantitative colorimetric method was adopted to evaluate the activity level of ROS, using a tissue ROS determination kit (GenMed Scientifics). All experiments were conducted according to the manufacturer's instructions. Each experiment was performed three times, and the absorbance in each well was measured at a wavelength of 420 nm, using a Synergy 2 Multi-Mode Microplate Reader (BioTek Instruments Inc., Winooski, VT, USA). The activity was calculated using the following formula:
Measurement of the mitochondrial complex II levels.
A quantitative colorimetric method was used to evaluate the activity level of complex II, and a tissue complex II determination kit was used for the detection of complex II (GenMed Scientifics). All experimental steps were performed according to the manufacturer's instructions. Each sample was tested in triplicate, and the absorbance in each well was measured at a wavelength of 600 nm using a Synergy 2 Multi-Mode Microplate Reader (BioTek Instruments, Inc.). The activity was calculated using the following formula: Specimen activity = U/mg, where 1 U = dichlorophenol µM/min-indophenol µM/min.
Statistical analysis. Data were expressed as inter-quartile ranges and survival curves were constructed using the Kaplan-Meier method. Comparisons between the curves were performed using the log-rank test. Multivariate survival analysis was performed using the Cox proportional hazards model. Pearson's correlation test was used to analyze the association between the level of ROS and complex II. All statistical analyses were performed using the SPSS 18.0 software package (SPSS, Inc., Chicago, IL, USA). P<0.05 was considered to indicate a statistically significant difference.
Results
Clinical characteristics of patients with HCC.
A total of 42 patients with HBV-HCC were enrolled in the present study.
A review was conducted every 3 months for 3 years, and no patient received adjuvant chemotherapy or radiation therapy following HCC resection. The association between the data collected during the 3-year follow-up and the clinical characteristics of the patients was calculated using the Kaplan-Meier method and the log-rank test. Patient gender, patient age, tumor size and number of tumors were not statistically significant predictors for the post-operative survival time. However, Child-Pugh classification and portal vein thrombosis were significantly associated with the survival time (Table I) .
Association between the oxidative stress parameters and HCC outcome. The association between ROS and complex II and the outcome of HCC was assessed using the Kaplan-Meier method. The HCC patients were divided into two groups, consisting of the upper quartile and lower three quartiles, based on the ROS and complex II levels. High levels of ROS and low levels of complex II were associated with a shorter survival time, as assessed by the log-rank test (P=0.017 and P=0.04 for ROS and complex II, respectively) (Table II; Fig. 1 ). However, the levels of ROS and complex II were not correlated when assessed by linear correlation analysis (r=-0.110, P=0.489).
Multivariate analysis was performed to determine the outcome predictors, which consisted of the Child-Pugh (Table I) .
Discussion
Oxidative stress causes notable damage to mtDNA, which is considered to significantly contribute to carcinogenesis (17) . The present study aimed to identify effective predictors of HCC prognosis by examining two parameters of oxidative Table I . Multivariate analysis of prognostic factors associated with post-operative survival in hepatocellular carcinoma patients, performed using the Cox proportional hazards model.
Factors
Relative stress. The present data provided initial support for the conclusion that the levels of complex II and ROS were associated with carcinogenesis and the outcome of HCC, using a small sample size.
A previous study has demonstrated that oxidative stress of mtDNA is associated with the post-operative survival of patients with HCC (18) . In the present study, the results demonstrated that ROS levels were associated with the carcinogenesis of HCC and the post-operative survival of HCC patients. Endogenous ROS escape from the electron transport chain during the oxidative phosphorylation process, rendering nuclear and mtDNA susceptible to damage. DNA mutations resulting from this damage may promote the malignant transformation of cells (19) . A certain amount of ROS is required for cellular survival and adaptation (19) , which may explain to some degree the high ROS levels associated with the poor prognosis of HCC patients. Furthermore, previous studies suggest that oxidative DNA damage is associated with cancer progression, including cell proliferation, apoptosis, genetic instability and chemo-resistant phenotypes (20) (21) (22) .
To the best of our knowledge, the present study is the first to report an association between complex II levels and the outcome of HCC. However, the detailed mechanism of the effect of complex II on HCC progression remains to be elucidated. Complex II contributes significantly to the production of ROS (14, 15) , which may explain the strong association between complex II and HCC development. The levels of complex II and ROS demonstrated no association in the present analysis, suggesting that an alternative mechanism may regulate the generation of ROS in patients with HCC. Mitochondrial complex II has previously been used as a novel target for anticancer agents, and several anticancer agents may induce cancer cell apoptosis by interacting with subunits of complex II (23) . Cancer cells with the highest levels of complex II were targeted and driven to apoptosis (23, 24) .
In conclusion, the levels of ROS and complex II were identified as independent prognostic markers for the outcome of HCC. The analysis of ROS and complex II levels may provide a useful research and therapeutic tool for ROS-and complex II-associated hepatocarcinogenesis.
